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The human hepatitis C virus (HCV) contains a long 5' noncoding region (5' NCR). Computer-assisted and
biochemical analyses suggest that there is a complex secondary structure in this region that is comparable to
the secondary structures that are found in picornaviruses (E. A. Brown, H. Zhang, L.-H. Ping, and S. M.
Lemon, Nucleic Acids Res. 20:5041-5045, 1992). Previous in vitro studies suggest that the HCV 5' NCR plays
an important role during translation (K. Tsukiyama-Kohara, N. lizuka, M. Kohara, and A. Nomoto, J. Virol.
66:1476-1483, 1992). Dicistronic and monocistronic expression vectors, in vitro translation, RNA transfec-
tions, and deletion mutagenesis studies were utilized to demonstrate unambiguously that the HCV 5' NCR is
involved in translational control. Our data strongly support the conclusion that an internal ribosome entry site
exists within the 5' noncoding sequences proximal to the initiator AUG. Furthermore, our results suggest that
the HCV genome is translated in a cap-independent manner and that the sequences immediately upstream of
the initiator AUG are essential for internal ribosome entry site function during translation.

Hepatitis C virus (HCV) is the documented etiologic agent
of blood-borne non-A, non-B hepatitis and represents the
principal infectious agent associated with posttransfusion
hepatitis (4). Recent clinical studies have demonstrated a
strong correlation between HCV infection and hepatocellu-
lar carcinoma (28). The HCV genome is a single-stranded
RNA molecule with plus-strand polarity and is approxi-
mately 9,500 nucleotides (nt) long (5, 13, 18, 24, 32). On the
basis of sequence comparisons and in vitro translation
studies, the HCV genome appears to encode several struc-
tural and nonstructural proteins (Fig. 1) (4, 12, 23). This
information, in conjunction with additional characteristics,
has led to the tentative classification of HCV in the family
Flaviviridae (4, 27).

Eucaryotic mRNAs are translated by a mechanism known
as ribosome scanning (19, 20). This mechanism involves
binding of the 40S ribosomal subunit adjacent to the 5' end of
the mRNA, which is mediated by an interaction between the
5' methylated cap structure and the cellular initiation factor
complex eIF-4F. mRNA leader sequences, or the 5' noncod-
ing region (5' NCR), play an important role during the
translational regulation of viral and cellular RNAs. While
these sequences are typically 50 to 100 nt long, longer 5'
leader sequences have been described. Members of the
family Picornaviridae, such as poliovirus, encephalomyo-
carditis virus, and Theiler's murine encephalomyelitis virus
(TMEV), contain noncoding sequences at the 5' end of the
genome that are 700 to 1,000 nt long. These sequences form
multiple stem-loop structures, which contribute to a com-
plex secondary structure that is capable of specifically
binding viral and cellular proteins. For each of these picor-
naviruses, translation is initiated from an AUG codon that is
located at an internal site several hundred nucleotides from
the 5' end of the genome (1, 15, 25). This mechanism
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involves binding of the ribosome to an RNA sequence that
has been termed the internal ribosome entry site (IRES) (15),
which is localized within the 5' NCR of these viral RNAs.
The IRES mechanism is distinct from the ribosome-scanning
model, which predicts that translation is initiated from the
AUG codon that is proximal to the 5' end. In poliovirus, the
IRES-initiated translation would give the virus a major
selective advantage, since viral infection effectively inacti-
vates the cellular cap-binding protein and leads to arrest of
host cell protein synthesis (21).
HCV appears to contain a long, variable 5' NCR which

ranges from 332 to 341 nt, depending upon the HCV subtype.
These sequences precede the AUG that is used for transla-
tional initiation of the HCV polyprotein (11, 13, 24, 32, 33).
While several AUGs are located upstream from the transla-
tional initiation site, these AUGs do not appear to function
as alternative start sites. Computer analyses of the HCV 5'
NCR, which is approximately half the length of the positive-
strand RNA viruses in the family Picornavirdae, indicate
the presence of a complex secondary structure (2). Recent in
vitro studies have implicated the HCV 5' NCR in transla-
tional control (34). The evidence presented in this report,
based on the studies of transfection of cultured human cells
and other relevant approaches, further supports the conclu-
sion that the HCV 5' NCR contains a functional IRES.

MATERIALS AND METHODS

Plasmid constructions. The 5' noncoding sequences of the
HCV genome, corresponding to nt 29 to 332, were amplified
by the polymerase chain reaction (PCR) with plasmid BK146
(a generous gift of Hiroto Okayama, Osaka University,
Osaka, Japan), which represents an HCV cDNA clone from
a Japanese isolate (HCV-BK) (32). The sense primer 5'-
CACTCCCCTGTGAGGAACTACTGT-3' and the antisense
primer 5'-CGAGCTCATGATGCACGGTC-3' were used for
PCR amplification. The PCR product representing the 5'
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FIG. 1. Structure and organization of the HCV genome and the
5' NCR of HCV-BK and HCV-1 strains. The locations of various
AUG codons in the NCRs of the two HCV strains are indicated.
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NCR of HCV was initially cloned into pGEM-3 to produce
plasmid GHCV5'. The nucleotide sequences of GHCV5'
were determined by the dideoxynucleotide method. A full-
length HCV 5' NCR fragment was synthesized directly from
RNA that was extracted from an HCV-positive serum sam-
ple obtained from the Denver, Colo., area. The viral RNA
was reverse transcribed and PCR amplified with the sense
primer 5'-GCCAGCCCCCTGATGGGGCGACACTCCAC
CAT-3', in which the first nucleotide represents the 5'-distal
end of HCV-1 (11), and the antisense primer described
above. Because the nucleotide sequences of this isolate at
the 5' NCR are homologous (about 99%) to the HCV-1
subtype, this isolate will be considered as equivalent to
HCV-1.
A two-gene expression vector, T7-CAT/ICS/LUC, which

contains the chloramphenicol acetyltransferase (CAT)- and
luciferase (LUC)-encoding genes, was used to clone the 5'
noncoding sequences of HCV. Construction of T7-CAT/ICS/
LUC has been previously described (22). The CAT-encoding
gene was under control of the bacteriophage T7 promoter
and was followed by an intercistronic spacer upstream of the
LUC-encoding gene (Fig. 2A). The intercistronic spacer
contains multiple cloning sites. The HCV 5' noncoding
sequences were inserted into the SalI-NcoI cloning sites to
direct LUC expression from the dicistronic transcripts.
Three recombinant plasmids containing the 5' noncoding
sequences derived from the HCV-BK strain, T7DC323-29,
T7DC29-323, and T7DC29-332, were generated (Fig. 2B).
Dicistronic expression plasmid T7DC1-341 contained the
full-length 5' NCR derived from HCV-1. PCR-amplified
synthesis of the 5' NCR from this HCV isolate is described
above. The numbers in these and all other plasmids refer to
the exact nucleotide sequences of the 5' NCR. In plasmid
T7DC29-323, nt 29 to 323 (sense orientation) were cloned
into T7CAT/ICS/LUC by blunt-end ligation. Plasmid
T7DC323-29 contains the same sequences in the antisense
orientation. In plasmid T7DC29-332, a nearly full-length 5'
NCR (nt 29 to 332) was inserted into T7CAT/ICS/LUC in the
sense orientation at the Sall-NcoI sites.
A series of plasmid vectors were generated for synthesis

of monocistronic RNAs containing various lengths of the
HCV 5' NCR in front of the LUC-encoding gene. Plasmid
T7-LUC (22), which contained the SalI-NcoI cloning sites
between the T7 promoter and the LUC-encoding gene, was
used for insertion of HCV 5' noncoding sequences (see Fig.
4A). For the structures of these plasmids, see Fig. 4B.

T7DC29-332 343,202 ND

T7DCI-341 405,656 ND

FIG. 2. Structures of dicistronic expression vectors. (A) Struc-
ture of the parent plasmid, T7-CAT/ICS/LUC (22), used for con-
struction of the plasmids described in panel B. The locations of the
promoters and the relevant restriction endonuclease cleavage sites
are shown. ICS, intercistronic spacer. (B) Structures of the HCV 5'
NCR-containing constructs. 5' noncoding sequences of HCV (solid
bar) were cloned into the intercistronic spacer site in the sense and
antisense orientations as indicated. The relative LUC activity (light
units per 5 x 105 cells) of each construct (10 pg) in transfected
HepG2 cells is shown. ND, not detectable.

Fragments representing various HCV 5' noncoding se-
quences were cloned into T7-LUC with blunted or cohesive
termini.

In vitro transcription and translation. Plasmid DNAs were
linearized with HpaI and then transcribed in vitro with T7
RNA polymerase (New England BioLabs) in accordance
with the manufacturer's instructions. To generate methyl-
ated cap RNAs, 7mGpppG was included in the reaction. In
vitro translation was done with rabbit reticulocyte lysates
(Promega). Proteins were labeled with Tran35S-label (ICN
Biomedicals) and subsequently analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. Protein gels
were dried and exposed to X-ray film.

Cell culture and viral infection. HepG2 cells, a human
hepatoblastoma cell line, were used in this study for trans-
fections and poliovirus infections. HepG2 cells were infected
with poliovirus (type I, Mahoney) at a multiplicity of infec-
tion of 10 as described previously (10).
RNA transfection. In vitro-synthesized RNAs were intro-

duced into cultured cells with Lipofectin (GIBCO/BRL).
Nearly confluent cells in 60-mm-diameter petri plates were
transfected with 30 ,g of Lipofectin mixed with 5 to 10 ,g of
RNA as described previously (1). At 5 h posttransfection,
cell lysates were prepared and assayed for either CAT (30) or
LUC expression (7). Poliovirus-infected cells were trans-
fected with RNA at 3.5 h postinfection and harvested 2 h
later.
RNA stability. To determine the stability of transfected

RNAs, an RNase protection assay was employed (29). At 5
h posttransfection, cellular RNA was extracted by the acid
guanidinium thiocyanate-phenol-chloroform method (3). A
2P-labeled RNA probe was prepared from a T7-LUC plas-
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FIG. 3. In vitro translation of dicistronic RNAs in rabbit reticu-

locyte lysates, The positions of LUC and CAT proteins are marked.
The numbers at the bottom show percentages of LUC activity
normalized against the value obtained with T7DC1-341, which was
arbitrarily set at 100. Plasmid pPB310 contains the entire 5' NCR of
TMEV (1) and was used as a positive control.

mid with a truncated LUC-encoding gene. The probe con-
sisted of 420 nt derived from the modified plasmid, which
was synthesized in vitro with SP6 RNA polymerase
(Promega) in the presence of [a-32P]CTP (Amersham). The
probe contained 360 nt that were complementary to the
monocistronic LUC RNAs used in the transfection studies.

RESULTS

The 5' NCR of the HCV genome mediates translation of the
second cistron in dicistronic RNA both in vitro and in vivo. To
study the role of the HCV 5' NCR during translation, we
utilized a two-gene expression strategy (22, 25). For this
approach, the 5' NCR was inserted between two reporter
genes, those for CAT and LUC (Fig. 2A). Since the T7
promoter precedes the CAT gene in these constructs, T7
RNA polymerase was used to synthesize the dicistronic
transcripts. These transcripts have the following general
structure: 5'-CAT-5' NCR-LUC-An. The expression of the
LUC gene from these RNAs is dictated by the HCV 5' NCR.
The full-length 5' NCR (T7DC1-341) (HCV-1) and several
truncated versions of the sequence from the HCV-BK sub-
type were analyzed (Fig. 2B).

In vitro-synthesized, uncapped dicistronic RNAs were
translated in rabbit reticulocyte lysates. Figure 3 demon-
strates that the CAT translation product was expressed at
approximately equivalent levels for all of the dicistronic
constructs. However, expression of the second cistron
(LUC) varied dramatically. Dicistronic constructs T7DC1-
341 and T7DC29-332 were extremely efficient in supporting
LUC protein synthesis. LUC synthesis was inefficient in the
presence of the antisense 5' NCR (T7DC323-29). An addi-
tional truncation of nine nucleotides at the I' end of the
sense 5' NCR (T7DC29-323) dramatically affected transla-
tion of the LUC gene (Fig. 3).

Dicistronic RNAs were subsequently used to transfect
cultured cells. HepG2, a hepatoma cell line, was used for
RNA transfection studies by using the Lipofectin method.
Maximal LUC activity was observed at 4 to 6 h posttrans-
fection. Transfected cells were harvested at 5 h posttrans-
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FIG. 4. Structures of DNA constructs used for synthesis of
monocistronic RNAs. (A) Structure of T7-LUC (22). (B) Structures
of HCV 5' NCR-containing constructs. Various lengths of the HCV
5' NCR (solid bars) were inserted between the T7 promoter and the
coding sequences of the LUC gene in T7-LUC. LUC activity is
expressed as light units per 5 x l05 cells transfected with 10 ,ug of
each RNA.

fection and assayed for CAT and LUC activities. Since the
in vitro-synthesized RNAs were uncapped, the first cistron
encoding the CAT protein was poorly translated in trans-
fected cells. CAT activity was not detectable in the cell
lysates (Fig. 2B). However, expression of the second cistron
(LUC) occurred only when the HCV 5' NCR was present
upstream of the cistron. As indicated in Fig. 2B, both the
full-length (T7DC1-341) and the nearly full-length (T7DC29-
332) 5' NCRs were the constructs efficient in programming
expression of the LUC cistron. Since this expression oc-
curred independently of CAT translation, it is unlikely that
LUC expression resulted from ribosome reinitiation. Similar
results were obtained with transfected HeLa cells (data not
shown). Therefore, there do not appear to be liver cell-
specific preferences in translational efficiency. These data,
which are derived from in vitro translation and RNA trans-
fection studies, suggest that the 5' noncoding sequences'of
HCV between nt 29 and 332 are capable of directing trans-
lation of the second cistron in a dicistronic RNA and that an
IRES element is likely to be present within this region.

Identification of IRES. The studies described above have
established the functional role of the HCV 5' NCR in internal
initiation of translation in a dicistronic expression system.
To define further the minimal sequences within the 5' NCR
of HCV that serve as an IRES, we generated a series of
deletions in the 5' NCR of the HCV-BK subtype. The
constructs included both 5' and 3' end deletions of the 5'
NCR, which were then cloned in front of the LUC gene (Fig.
4B).
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FIG. 5. In vitro translation of monocistronic RNAs in rabbit

reticulocyte lysates. SDS-gel patter of [35S]methionine-cysteine-
labeled translation products with various T7-derived transcripts
(Fig. 4B). The numbers at the bottom show the percentages of LUC
activity from individual lysates normalized against T7C1-341, which
was arbitrarily set at 100.

In vitro-synthesized monocistronic RNAs were translated
in vitro in a rabbit reticulocyte lysate system (Fig. 5).
[35 S]methionine-cysteine-labeled LUC expression was sub-
stantially pronounced when T7Ci-341- and T7C29-332-de-
rived transcripts were used. The translational efficiency of
the HCV 5' NCR, as represented by constructs T7C1-341
and T7C29-332, was comparable to that of a control con-
struct containing a TMEV 5' NCR (pPB310) (1). TMEV, a
member of the family Piconaviridae, putatively contains an
IRES within its 5' NCR (1). Various HCV 5' NCR deletion
mutants inefficiently translated the LUC gene. Interestingly,
T7C75-332-derived RNA displayed less stimulation of LUC
expression. The LUC activity present in these lysates,
which is indicated at the bottom of Fig. 5, correlates with the
SDS-polyacrylamide gel pattemr of the LUC protein.
RNA transfections were done with HepG2 cells with the

monocistronic RNAs (Fig. 4B). The LUC gene was most
efficiently expressed in the presence of both the full-length
(T7C1-341) and the nearly full-length (T7C29-332) RNA
constructs. In this case, translation was stimulated 100-fold
compared with the value obtained with T7-LUC RNA. This
level of activity was markedly reduced in the presence of
various deletions of the 5' noncoding sequences. For exam-
ple, T7C29-75 and T7C29-269 mediated background levels of
LUC gene expression. Similar results were obtained with
transfected HeLa cells (data not shown). It is important to
indicate that all of these RNAs were uncapped. Therefore,
our findings, which have demonstrated that the HCV 5' NCR
mediates translation of the LUC gene, strongly suggest that
an IRES exists within the 5' NCR. This implies that HCV
translational regulation functions in a cap-independent man-
ner. It may be concluded from these results that sequences
between nt 29 and 332 are essential for efficient IRES
function, perhaps by generating a complex secondary struc-
ture which facilitates the processes of internal ribosome
binding.

Stability of RNAs in transfected HepG2 cells. To rule out
the possibility that RNA instability accounts for the differ-
ences in expression of the LUC cistron in transfected cells
(Fig. 4B), RNase protection assays were performed. The
results of such experiments are shown in Fig. 6. This

FIG. 6. Quantitation of the LUC reporter RNA in transfected
HepG2 cells by RNase protection assay (see Materials and Meth-
ods). Protected RNAs were analyzed by urea-PAGE. Mock-trans-
fected cells were used as the negative control (no-RNA lane), and in
vitro-synthesized T7-LUC RNA was used directly in the assay as
the positive control (control lane).

analysis demonstrates that all of the monocistronic RNAs
exhibited approximately equal levels of stability, whereas
their translation was variable, as described above (Fig. 4B).
IRES of the HCV 5' NCR is active in poliovirus-infected

HepG2 cells. Poliovirus translation occurs in a cap-indepen-
dent manner. The viral infection also results in shutoff of
host protein synthesis. Cleavage of p220, a component of
eIF-4F, has been suggested as a possible mechanism which
initiates these events (21). To determine whether the HCV 5'
NCR could function in a similar manner, we infected HepG2
cells with poliovirus. The effect of poliovirus infection upon
host cellular protein synthesis is presented in Fig. 7. At 3.5
h after poliovirus infection of HepG2 cells, most of the
proteins expressed were virus encoded (Fig. 7, lanes 4 to 6).
RNAs were introduced at 3.5 h subsequent to poliovirus

Mock 1 2 3 4 5 6

..

FIG. 7. Time course of shutoff of host cell translation after
poliovirus infection. Cultured HepG2 cells were mock infected or

infected with poliovirus at a multiplicity of infection of 10. At 0.5,
1.5, 2.5, 3.5, 4.5, and 5.5 h postinfection, the cells were pulse-
labeled with [35S]methionine-cysteine for 30 min. At 1, 2, 3, 4, 5, and
6 h postinfection, the cells were lysed and fractionated by SDS-
PAGE (10) (lanes 1 to 6, respectively).
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TABLE 1. Translation of RNAs in poliovirus-infected and
uninfected HepG2 cells

LUC activity (light units/
RNAa 5 x 105 cells)b

Uninfected Infected

T7-LUC (capped) 1,672 190
T7C29-332 (uncapped) 3,973 1,702
pPB310 (uncapped) 2,626 1,081

a A 1-p.g sample of each was used.
b These data represent the results of several experiments.

infection of HepG2 cells. The results of LUC expression
assays are presented in Table 1. Translation of capped
T7-LUC was dramatically reduced, indicating that this ex-

perimental protocol selects for cap-independent translation
of mRNAs. Translation of uncapped T7C29-332 transcripts
occurred efficiently in infected cells, strongly supporting the
conclusion that cap-independent translation is associated
with the 5' NCR of HCV. A slight decrease in LUC
expression of T7C29-332 RNA in poliovirus-infected cells
was most likely due to competitions with polioviral IRES-
containing RNAs for the translational apparatus. Similar
decreases were observed with transcripts of pPB310, which
contains the 5' NCR of the picornavirus TMEV. Taken
together, these results suggest that HCV utilizes a transla-
tional regulatory mechanism that is similar to that described
for picornaviruses.

DISCUSSION

HCV represents the major viral agent of blood-borne
non-A, non-B hepatitis. The RNA genome of this virus
contains a long stretch of 5' noncoding sequences. There are
several AUG codons within this stretch of over 300 nt. Some
of these AUG codons appear to be present within the
sequence context that is favorable for translation. In the
HCV-BK strain that was used in this study, translation is
initiated from an AUG codon that is located at nt 333 (nt 342
for HCV-1). The sequences downstream of this AUG encode
the large viral polyprotein. The studies presented in this
report indicate that the HCV 5' NCR contains an IRES
element. The IRES regulates initiation of translation from
the authentic AUG by an internal ribosome-binding mecha-
nism, which is distinct from the linear scanning model.
These conclusions are supported by data derived from
several experimental approaches.
We utilized a synthetic dicistronic RNA containing the

HCV 5' NCR, which was inserted between the upstream
CAT and downstream LUC genes (Fig. 2). Expression of the
LUC cistron was analyzed by both in vitro translation (Fig.
3) and RNA transfections of cultured human hepatoma cells
(Fig. 2). The RNA transfection technique is a powerful
approach for analysis of translational regulation. For the
RNA transfection studies, synthetic RNA molecules that
were generated by T7 RNA polymerase were introduced
directly into cultured cells with Lipofectin. The Lipofectin
method is known to minimize RNA degradation. RNA
molecules that reach the cytoplasm are translated in a

cap-independent manner. Expression of the LUC gene from
the dicistronic construct is dictated by the HCV 5' NCR
sequences. Cells that were transfected with these RNAs
expressed the LUC gene independently of the CAT gene.
The CAT gene, whose mRNA was devoid of a 5' methylated

cap, was expressed at a negligible level in transfected cells.
These results demonstrate that the HCV 5' NCR is able to
direct internal initiation of LUC gene translation from the
dicistronic transcript.
The full-length HCV 5' NCR and various deletions of

these noncoding sequences were cloned in front of the LUC
gene (Fig. 4). These constructs were designed to generate
monocistronic transcripts, in vitro, with T7 RNA poly-
merase. The monocistronic LUC transcripts were subjected
to in vitro translation in rabbit reticulocyte lysates (Fig. 5)
and were also introduced into cultured human cells by
Lipofectin (Fig. 4). The full-length 5' NCR (T7C1-341) and a
short truncation (T7C29-332) were found to function effi-
ciently. However, the 5' NCR deletion constructs exhibited
various levels of translational efficiency. The uncapped
transcripts (T7C29-332) were also translated efficiently in
poliovirus-infected cells (Table 1), which strongly suggests
that the HCV genome is translated in a cap-independent
manner.

Deletion analysis of the 5' noncoding sequences was done
to delineate the minimal sequence requirement for internal
initiation at the 5' end of the 5' NCR. This analysis indicated
that deletion of up to 75 nt from the 5' end dramatically
reduced the efficiency of translational initiation. The 5' end
deletions beyond nt 75 were totally inefficient in initiating
translation from an internal site. This result is in contrast to
the work of Nomoto et al. (34), which indicated that deletion
of 101 nt from the 5' end did not adversely affect efficiency of
translation. The reason for this descrepancy is unclear.
Deletion of sequences from the 3' end of the 5' NCR also
abrogated translational initiation from an internal site. These
findings suggest that sequences immediately upstream of the
initiator AUG codon play a key role in determining the
translatability of the HCV genome. These sequences exhibit
a secondary structure that is indicative of a stable stem-loop
structure (2). Such a structure may serve as a ribosome
landing pad that is essential for internal binding of ribo-
somes. Given this possibility and the occurrence of efficient
and accurate HCV translation in rabbit reticulocytes lysates,
HCV may share structural and functional similarities with
the cardioviruses, such as encephalomyocarditis virus and
TMEV. Poliovirus and rhinoviruses translate relatively inef-
ficiently and inaccurately in rabbit reticulocyte lysates (8).
Yoo et al. reported that the full-length 5' NCR derived

from the HCV-1 isolate failed to direct translation, while
sequential deletions in the 5' NCR were found to mediate
translation (35). They argued that a hairpin structure at the 5'
end of the 5' NCR prevented translation. A deletion mutant
lacking this structure, however, was found to be efficient in
translation. To address this point, we synthesized a full-
length 5' NCR by PCR amplification. This full-length 5' NCR
(nt 1 to 341), in the contexts of both dicistronic and mono-
cistronic expression vectors, mediated translation as effi-
ciently as the 5' NCR construct containing nt 29 to 332 of the
HCV-BK strain (Fig. 2B, 3, 4B, and 5). We show here that
constructs T7DC1-341 and T7C1-341, containing the full-
length 5' NCR (HCV-1), are fully functional for translational
initiation. It is unlikely that the hairpin structure at the 5' end
of the HCV genome functions to inhibit translation. This
structure is also present in polioviral RNA yet does not
appear to affect translational efficiency adversely (31). More-
over, our analysis of the intact, full-length 5' NCR (T7C1-
341) allays that concern (Fig. 4B and 5).
The constructs utilized by Yoo et al. (35) contained

approximately 30 additional nt between the initiator AUG
and the extreme 3' end of the HCV 5' NCR. The additional
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nucleotides, which were derived from the CAT gene, may
have had an anomolous effect upon those studies. This is
especially important since our results indicate that the se-
quences immediately upstream of the initiator AUG are
critical for the integrity of 5' NCR-mediated translational
control. It has been suggested that in encephalomyocarditis
virus, the ribosome binds directly or very closely to the
initiator AUG (14, 16, 17), and the AUG appears to be
involved with internal ribosome entry (26). The distance
between the AUG and the upstream motif may be important
for IRES efficiency. Interestingly, deletion or addition of
nucleotides upstream of the AUG decreased or abolished
encephalomyocarditis virus IRES function (6, 16). In our
constructs and those of Nomoto et al. (34), the 3' end of the
HCV 5' NCR was inserted immediately adjacent to the AUG
of the reporter gene. Brown et al. (2) have predicted that a
secondary structure in that region brings the initiator AUG
to within close proximity of a characteristic pyrimidine-rich
tract. If such structures play important roles in translational
regulation by generating ribosome landing pads, or an IRES,
the presence of extraneous nucleotide sequences in that
region may dramatically alter the ability of these sequences
to support internal initiation of translation. This model
predicts that the additional nucleotide sequences will perturb
stem-loop structure IV, located upstream of the initiator
AUG (2). Therefore, the presence of additional sequences
(30 nt) in the constructs used by Yoo et al. (35) probably
destroyed stem-loop structure IV, thus adversely affecting
the functional IRES. Obviously, this hypothesis can be
tested experimentally.
We have further noted that the monocistronic transcripts

used by Yoo et al. (35) included a 5' cap structure. In our
studies, while the cap structure at the 5' terminus of the
HCV 5' NCR could support translational initiation from the
internal site, uncapped transcripts were more efficient (data
not shown). On the basis of this finding, in conjunction with
our studies which have demonstrated that uncapped HCV
monocistronic transcripts are translated efficiently in polio-
virus-infected cells, we propose that HCV translation occurs
in a cap-independent fashion. Similar conclusions were also
reached by Nomoto and coworkers (34). It has been shown
that the 5' capped polioviral 5' NCR does not initiate
translation efficiently in transfected cells (9). In light of the
concerns discussed above, we believe that our findings differ
from those reported by Yoo et al. (35) because of the use of
disparate constructs.

In summary, this report presents evidence from several
experimental approaches which strongly argues for the pres-
ence of an IRES element in the HCV 5' NCR. Furthermore,
the IRES regulatory element appears to mediate translation
of the HCV genome by a mechanism(s) that is similar to that
utilized by the viruses of the Picomaviridae family.

ACKNOWLEDGMENTS
The invaluable assistance of Marshall Kosovsky in the prepara-

tion of the manuscript is acknowledged. We thank P. Bandyopad-
hyay for plasmid pPB310 and N. lizuka for helpful discussions
throughout this work.
A.S. is supported by grants from the NIH (CA33135), the ACS

(VM-57E), and the Lucille P. Markey Charitable Trust. A.S. and
P.S. are recipients of the ACS Faculty Research Award.

REFERENCES
1. Bandyopadhyay, P. K., C. Wang, and H. L. Lipton. 1992.

Cap-independent translation by the 5' untranslated region of
Theiler's murine encephalomyelitis virus. J. Virol. 66:6249-
6256.

2. Brown, E. A., H. Zhang, L.-H. Ping, and S. M. Lemon. 1992.
Secondary structure of the 5' nontranslated regions of hepatitis
C virus and pestivirus genomic RNAs. Nucleic Acids Res.
20:5041-5045.

3. Chomczynski, P., and N. Sacchi. 1987. Single-step method of
RNA isolation by acid guanidinium thiocyanate-phenol-chloro-
form extraction. Anal. Biochem. 162:156-159.

4. Choo, Q.-L., G. Kuo, A. Weiner, K.-S. Wang, L. Overby, D.
Bradley, and M. Houghton. 1992. Identification of the major,
parenteral non-A, non-B hepatitis agent (hepatitis C virus) using
a recombinant cDNA approach. Semin. Liver Dis. 12:279-288.

5. Choo, Q.-L., K. H. Richman, J. H. Han, K. Berger, C. Lee, C.
Dong, C. Gallegos, D. Coit, A. Medina-Selby, P. J. Barr, A. J.
Weiner, D. W. Bradley, G. Kuo, and M. Houghton. 1991.
Genetic organization and diversity of the hepatitis C virus. Proc.
Natl. Acad. Sci. USA 88:2451-2455.

6. Davies, M. V., and R. J. Kaufnan. 1992. The sequence context
of the initiation codon in the encephalomyocarditis virus leader
modulates efficiency of internal translation initiation. J. Virol.
66:1924-1932.

7. de Wet, J. R., K. V. Wood, M. DeLuca, D. R. Helinski, and S.
Subramani. 1987. Firefly luciferase gene: structure and expres-
sion in mammalian cells. Mol. Cell. Biol. 7:725-737.

8. Dorner, A. J., B. L. Semler, R. J. Jackson, R. Hanecak, E.
Duprey, and E. Wimmer. 1984. In vitro translation of poliovirus
RNA: utilization of internal initiation sites in reticulocyte lysate.
J. Virol. 50:507-514.

9. Hambidge, S. J., and P. Sarnow. 1991. Terminal 7-methyl-
guanosine cap structure on the normally uncapped 5' noncoding
region of poliovirus mRNA inhibits its translation in mammalian
cells. J. Virol. 65:6312-6315.

10. Hambidge, S. J., and P. Sarnow. 1992. Translational enhance-
ment of the poliovirus 5' noncoding region mediated by virus-
encoded polypeptide 2A. Proc. Natl. Acad. Sci. USA 89:10272-
10276.

11. Han, J. H., V. Shyamala, K. H. Richman, M. J. Brauer, B.
Irvine, M. S. Urdea, P. Tekamp-Olson, G. Kuo, Q.-L. Choo, and
M. Houghton. 1991. Characterization of the terminal regions of
hepatitis C viral RNA: identification of conserved sequences in
the 5' untranslated region and poly(A) tails at the 3' end. Proc.
Natl. Acad. Sci. USA 88:1711-1715.

12. Hjikata, M., N. Kato, Y. Ootsuyama, M. Nakagawa, and K.
Shimotohno. 1991. Gene mapping of the putative structural
region of the hepatitis C virus genome by in vitro processing
analysis. Proc. Natl. Acad. Sci. USA 88:5547-5551.

13. Inchauspe, G., S. Zebedee, D.-H. Lee, M. Sugitani, M. Nasoff,
and A. M. Prince. 1991. Genomic structure of the human
prototype strain H of hepatitis C virus: comparison with Amer-
ican and Japanese isolates. Proc. Natl. Acad. Sci. USA 88:
10292-10296.

14. Jackson, R. J., M. T. Howell, and A. Kaminski. 1990. The novel
mechanism of initiation of picornavirus RNA translation.
Trends Biochem. Sci. 15:477-483.

15. Jang, S. K., M. V. Davies, R. J. Kaufnan, and E. Wimmer.
1989. Initiation of protein synthesis by internal entry of ribo-
somes into the 5' nontranslated region of encephalomyocarditis
virus RNA in vivo. J. Virol. 63:1651-1660.

16. Jang, S. K., and E. Wimmer. 1990. Cap-independent translation
of encephalomyocarditis virus RNA: structural elements of the
internal ribosomal entry site and involvement of a cellular
57-KD RNA-binding protein. Genes Dev. 4:1560-1572.

17. Kaminski, A., M. T. Howell, and R. J. Jackson. 1990. Initiation
of encephalomyocarditis virus RNA translation: the authentic
initiation site is not selected by a scanning mechanism. EMBO
J. 9:3753-3759.

18. Kato, N., M. Hiikata, Y. Ootsuyama, M. Nakagawa, S. Ohko-
shi, T. Sugimura, and K. Shimotohno. 1990. Molecular cloning
of the human hepatitis C virus genome from Japanese patients
with non-A, non-B hepatitis. Proc. Natl. Acad. Sci. USA
87:9524-9528.

19. Kozak, M. 1986. Point mutations define a sequence flanking the
AUG initiator codon that modulates translation by eukaryotic
ribosomes. Cell 44:283-292.

VOL. 67, 1993



3344 WANG ET AL.

20. Kozak, M. 1989. The scanning model for translation: an update.
J. Cell Biol. 108:229-241.

21. Lee, K. A. W., and N. Sonenberg. 1982. Inactivation of cap-
binding proteins accompanies the shut-off of host protein syn-
thesis by poliovirus. Proc. Natl. Acad. Sci. USA 79:3447-3451.

22. Macejak, D. G., S. J. Hambidge, L. Najita, and P. Sarnow. 1990.
eIF-4F-independent translation of poliovirus RNA and cellular
mRNA encoding glucose-regulated protein 78/immunoglobulin
heavy-chain binding protein, p. 152-157. In M. A. Brinton and
F. X. Heinz (ed.), New aspects of positive-strand RNA viruses.
American Society for Microbiology, Washington, D.C.

23. Miller, R. H., and R. H. Purcell. 1990. Hepatitis C virus shares
amino acid sequence similarity with pestiviruses and flavivi-
ruses as well as members of two plant virus supergroups. Proc.
Natl. Acad. Sci. USA 87:2057-2061.

24. Okamoto, H., S. Okada, Y. Sugiyama, K. Kurai, H. lizuka, A.
Machida, Y. Miyakawa, and M. Mayumi. 1991. Nucleotide
sequence of the genomic RNA of hepatitis C virus isolated from
a human carrier: comparison with reported isolates for con-
served and divergent regions. J. Gen. Virol. 72:2697-2704.

25. Pelletier, J., and N. Sonenberg. 1988. Internal initiation of
translation of eukaryotic mRNA directed by a sequence derived
from poliovirus RNA. Nature (London) 334:320-325.

26. Pilipenko, E. V., A. P. Gmyl, S. V. Maslova, Y. V. Svitkin, A. N.
Sinyakov, and V. I. Agol. 1992. Prokaryotic-like cis elements in
the cap-independent internal initiation of translation on picor-
navirus RNA. Cell 68:119-131.

27. Plagemann, P. G. W. 1991. Hepatitis C virus. Arch. Virol.
120:165-180.

28. Saito, I., T. Miyamura, A. Ohbayashi, H. Harada, T. Katayama,

S. Kikuchi, T. Y. Watanabe, S. Koi, M. Onji, Y. Ohta, Q.-L.
Choo, M. Houghton, and G. Kuo. 1990. Hepatitis C virus
infection is associated with the development of hepatocellular
carcinoma. Proc. Natl. Acad. Sci. USA 87:6547-6549.

29. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular
cloning: a laboratory manual, 2nd ed. Cold Spring Harbor
Laboratory, Cold Spring Harbor, N.Y.

30. Seed, B., and J.-Y. Sheen. 1988. A simple phase-extraction
assay for chloramphenicol acetyltransferase activity. Gene 67:
271-277.

31. Simoes, E. A. F., and P. Sarnow. 1991. An RNA hairpin at the
extreme 5' end of the poliovirus RNA genome modulates viral
translation in human cells. J. Virol. 65:913-921.

32. Takamizawa, A., C. Mori, I. Fuke, S. Manabe, S. Murakami, J.
Fujita, E. Onishi, T. Andoh, I. Yoshida, and H. Okayama. 1991.
Structure and organization of the hepatitis C virus genome
isolated from human carriers. J. Virol. 65:1105-1113.

33. Tanaka, T., N. Kato, M. Nakagawa, Y. Ootruyama, M. J. Cho,
T. Nakazawa, M. Hiikata, Y. Ishimura, and K. Shimotohno.
1992. Molecular cloning of hepatitis C virus genome from a
single Japanese carrier: sequence variation within the same
individual and among infected individuals. Virus Res. 23:39-53.

34. Tsukiyama-Kohara, K., N. Iizuka, M. Kohara, and A. Nomoto.
1992. Internal ribosome entry site within hepatitis C virus
RNA. J. Virol. 66:1476-1483.

35. Yoo, B. J., R. R. Spaete, A. P. Geballe, M. Selby, M. Houghton,
and J. H. Han. 1992. 5' end-dependent translation initiation of
hepatitis C viral RNA and the presence of putative positive and
negative translational control elements within the 5' untrans-
lated region. Virology 191:889-899.

J. VIROL.


